the heterodimeric hypoxia-inducible transcription factors HIF-1 and HIF-2. The oxygen-labile 23 HIF-2α subunit has not only been implicated in transcription, but also as a regulator of eIF4E2-24 directed hypoxic translation. Here, we have identified the DEAD-box protein family member 25 DDX28 as a novel interactor and negative regulator of HIF-2α that suppresses its ability to 26 activate eIF4E2-directed translation. We demonstrate that stable silencing of DDX28 via shRNA 27 in hypoxic human U87MG glioblastoma cells caused an increase, relative to control, to: HIF-2α 28 protein levels, the ability of eIF4E2 to bind the m 7 GTP cap structure, and the translation of select 29 eIF4E2 target mRNAs. DDX28 depletion elevated both nuclear and cytoplasmic HIF-2α, but 30 HIF-2α transcriptional activity did not increase possibly due to its already high nuclear 31 abundance in hypoxic control cells. Depletion of DDX28 conferred a proliferative advantage to 32 hypoxic, but not normoxic cells, which is likely a consequence of the translational upregulation 33 of a subset of hypoxia-response mRNAs. DDX28 protein levels are reduced in several cancers, 34 including glioma, relative to normal tissue. Therefore, we uncover a regulatory mechanism for 35 this potential tumor suppressor in the repression of HIF-2α-and eIF4E2-mediated translation 36 activation of oncogenic mRNAs. 37
INTRODUCTION 38
The procurement for oxygen is a fundamental aspect of survival for aerobic organisms in all 39 domains of life. Mammals have evolved complex circulatory, respiratory, and neuroendocrine 40 systems to satisfy the need for molecular oxygen as the primary electron acceptor in oxidative 41 phosphorylation, which supplies energy in the form of ATP [1] . The ability of a cell to acclimate 42 to low oxygen (hypoxia or ≤ 1% O 2 ), which usually arises due to an imbalance in supply and 43 demand, is essential from the earliest stages of life [2, 3] . Hypoxia plays a role in several 44 physiological and pathophysiological conditions such as embryonic development, muscle 45 exercise, wound healing, cancer, heart disease, and stroke [4] . Prior to the establishment of 46 uteroplacental circulation, embryonic cells receive only as much as 2% O 2 , and following 47 oxygenation by maternal blood, the embryo still contains discrete regions of hypoxia [2, 5] . This 48 form of physiological hypoxia helps govern the process of development through cell fate 49 determination, angiogenesis, placentation, cardiogenesis, bone formation, and adipogenesis [3, 6-50 10]. Hypoxia is also a feature of the tumor microenvironment, and plays a key role in several 51 cancer hallmarks toward tumor progression [11, 12] . The major cellular response to hypoxia is 52 mediated by hypoxia-inducible transcription factors (HIF-1 and HIF-2). The HIFs are 53 heterodimeric, composed of an oxygen-labile α-subunit, HIF-1α or HIF-2α, and a constitutively 54 expressed HIF-1β subunit [11] . HIF-1 and HIF-2 activate the transcription of hundreds of genes 55 (some shared and some unique), including those involved in metabolism and erythropoiesis, in 56 order to simultaneously reduce the activity of energy-expensive processes and promote the 57 increased uptake of nutrients and oxygen [13] . Further investigation into the unique roles of HIF-58 1α and HIF-2α, and how they might be differentially regulated, will reveal novel insights into 59 hypoxic gene expression. 60 1.2%; Fig. 3A ). Hypoxic DDX28-depleted cells had an even greater proportion of eIF4E2 130 associated with polysomes (41 ± 4.1%) relative to hypoxic control cells (Fig. 3D) . The polysome 131 association of the canonical cap-binding protein eIF4E did not change in any condition (Fig. 3E) . 132
Our data show that hypoxia, or knockdown of DDX28 in normoxia, increased the proportion of 133 polysome-associated eIF4E2 relative to normoxic control cells (Fig. 3F) . However, DDX28 134 depletion and hypoxia together significantly increased the polysome association of eIF4E2 135 relative to normoxic control cells (Fig. 3F) . 136
Depletion of DDX28 increases the translation of eIF4E2 target transcripts in hypoxia 137
We performed qRT-PCR on monosome and polysome fractions in normoxia and hypoxia to 138 measure the DDX28-dependent association of eIF4E2 and eIF4E target transcripts. We chose 139
Epidermal Growth Factor Receptor (EGFR) and Insulin Like Growth Factor 1 Receptor (IGF1R) 140 mRNAs, previously characterized as eIF4E2-dependent transcripts due to the presence of an 141 rHRE in their 3' UTR [16, 17] , and Eukaryotic Translation Elongation Factor 2 (EEF2) and Heat 142 Shock Protein 90 Alpha Family Class B Member 1 (HSP90ab1) mRNAs previously 143 characterized as eIF4E-dependent transcripts due to the presence of a 5′ terminal oligopyrimidine 144 motif [17, 31] . We observed a significant increase in the association of EGFR mRNA with 145 polysomes relative to monosomes from 4.5 ± 0.9-fold in controls to 11.3 ± 1.6-fold in DDX28 146 depleted cells in hypoxia (Fig. 4A) . Similarly, the polysome association of IGF1R mRNA 147 significantly increased from 3.2 ± 0.3 in controls to 5.4 ± 0.7 in DDX28-depleted cells in 148 hypoxia (Fig. 4A ). In normoxia, there was no difference in the polysome-association of EGFR 149 mRNA relative to monosomes between controls (3.5 ± 0.5-fold) and DDX28 depleted cells (3.8 150 ± 0.5-fold) (Fig. 4B) . Similarly, there was no statistical difference in the polysome-association of 151 IGF1R mRNA relative to monosomes between controls (5.6 ± 0.8-fold) and DDX28 depletedcells (3.5 ± 0.5-fold) (Fig. 4B) . Moreover, EGFR protein levels (Fig. 4C ), but not total EGFR 153 mRNA levels (Fig. 4D) , increased in hypoxic DDX28-depleted cells relative to control. Neither 154 of the eIF4E-dependent transcripts displayed significant changes in polysome-association in 155 normoxia or hypoxia between DDX28-depleted and controls. The one exception was EEF2 156 mRNA, which displayed a small significant increase in normoxic polysome-association relative 157 to monosomes in DDX28-depleted cells (1.52 ± 0.04) compared to controls (1.05 ± 0.06) (Fig.  158   4E ). These data suggest that DDX28 depletion significantly increases the translation of eIF4E2-159 dependent, but not eIF4E-dependent, transcripts in hypoxia. 160
Depletion of DDX28 in hypoxia increases cytoplasmic and nuclear HIF-2α levels, but not its 161
nuclear activity 162
Hypoxic cells were fractionated into cytoplasm and nuclei to measure the effects of DDX28 163 depletion on HIF-2α levels in both compartments. In accordance with the abovementioned 164 observations that DDX28 depletion increases total HIF-2α protein levels and its cytoplasmic 165 activity (translation), we show that DDX28 depletion increased cytoplasmic HIF-2α levels 166 compared to control (Fig. 5A) . However, we also observed an increase in the nuclear levels of 167 HIF-2α. Therefore, we investigated whether DDX28 depletion in hypoxia also increased the 168 nuclear activity of HIF-2α (transcription) by measuring the mRNA abundance from its gene 169 targets relative to control. We chose six genes that contain Hypoxia Response Elements in their 170 promoters that are more dependent on HIF-2α than HIF-1α [32] [33] [34] [35] . None of the six genes 171 displayed a significant increase in mRNA abundance in DDX28 depleted cells relative to control 172 (Fig. 5B ). In fact, two genes displayed significant decreases in mRNA abundance, albeit by two-173 fold at most. These data suggest that while both nuclear and cytoplasmic HIF-2α levels increase 174 in response to DDX28 depletion, the effect on HIF-2α transcriptional activity is minimal.
DDX28 depletion causes an increase in cell viability and proliferation in hypoxia but not 176 normoxia 177
We next investigated whether the increase in eIF4E2-directed translation in DDX28 depleted 178 cells provided a benefit to cells by measuring their viability and proliferation in normoxia and 179 hypoxia. To assess this, we monitored the number of viable DDX28 depleted and control cells 180 over 72 h at 24 h intervals using crystal violet staining. We observed no significant differences in 181 viability at 24, 48, or 72 h between normoxic DDX28 depleted and control cells (Fig. 6A) . 182
However, both hypoxic DDX28 depleted cell lines had significantly increased viability 183 compared to control at each time interval (Fig. 6B) . To measure proliferation, we monitored the 184 incorporation of bromodeoxyuridine (BrdU) into the DNA of actively dividing cells via 185
immunofluorescence. In normoxia, one DDX28 depleted cell line displayed a significant 186 increase in BrdU incorporation relative to control (Fig. 6C) . However, following 24 h of 187 hypoxia, both DDX28 depleted cell lines displayed significant increases in BrdU incorporation 188 relative to control (Fig. 6D ). To test whether overexpressing exogenous DDX28 would have the 189 opposite effect (decreased viability, proliferation, and HIF-2α levels) in hypoxia, we generated 190 two stable clonal U87MG cell lines expressing FLAG-DDX28 and a control expressing FLAG 191 alone. We did not observe any significant differences in viability, proliferation, or HIF-2α levels 192 between the overexpressing cell lines relative to the control ( the stabilization of HIF-2α is essential for eIF4E2 hypoxic activity [16] and is likely a more 210 upstream regulatory step for eIF4E2-directed translation to be functional. 211
We have uncovered a new mode of HIF-2α regulation that affects the activity of hypoxic 212 translation via eIF4E2. HIF-2α co-immunoprecipitated with DDX28 and eIF4E2 (Fig. 4C ), but 213 eIF4E2 did not co-immunoprecipitate with DDX28 (Fig. 4D ). This suggests that DDX28 214 interacts with a different pool of HIF-2α than the one that interacts with eIF4E2. In agreement, 215 DDX28 did not interact with the m 7 GTP cap structure (Fig. 2) . However, the depletion of 216 DDX28 did significantly increase the ability of eIF4E2 to associate with m 7 GTP, suggesting that 217 its effect on HIF-2α influences eIF4E2 activity. Indeed, eIF4E2 did associate more with 218 polysomes upon DDX28 depletion (Fig. 3F ). Mechanisms were initially proposed where HIF-2α 219 acted at the 3' UTR rHRE of select mRNAs along with RBM4 to mediate joining of the 5' end 220 and eIF4E2 [16, 22, 38] . It is important to note that cap-binding assays are performed with 221 m 7 GTP bound to agarose beads and not to an mRNA [39] . Therefore, these data suggest that 222 HIF-2α could act directly on eIF4E2 to regulate its cap-binding potential (Fig. 7) . 223
While depletion of DDX28 significantly increased the ability of eIF4E2 to bind m 7 GTP 224 in both normoxia and hypoxia, it was surprising that this increase was greater in normoxia than 225 in hypoxia (Fig. 2) . This could indicate that DDX28 has increased relevance as a suppressor of 226 eIF4E2 activity in normoxia, but while the polysome-associated eIF4E2 increased in DDX28 227 depleted normoxic cells, it was not statistically significant (Fig. 3F) . Further, the polysome 228 association of eIF4E2 mRNA targets EGFR and IGF1R did not increase in normoxic DDX28 229 depleted cells relative to control (Fig. 4B) . In hypoxia, the effects of DDX28 depletion were not 230 only observed on eIF4E2 m 7 GTP and polysome association, but here EGFR and IGF1R mRNAs 231
were significantly more associated with polysomes relative to control (Fig. 4A) . We speculate 232 that depleting DDX28 in normoxia may increase the very low levels of HIF-2α to levels still 233 undetectable via western blot, but enough to significantly increase the cap-binding potential of 234 eIF4E2. The relative increase in HIF-2α in normoxic DDX28 depleted cells relative to control 235 may be greater than that in hypoxic cells, but there could be an unmet requirement in normoxia 236 for a threshold amount of total HIF-2α protein to efficiently activate eIF4E2 and the translation 237 of its mRNA targets. Unexpectedly, the increase in nuclear HIF-2α upon DDX28 depletion in 238 hypoxia did not produce subsequent increases to the transcription of its target genes (Fig. 5) . We 239 speculate that perhaps in hypoxic control cells, the HIF-2α DNA binding sites are saturated. 240
Conversely, the cytoplasmic HIF-2α targets (i.e. eIF4E2, DDX28) are likely not saturated due to 241 the much lower levels of HIF-2α in this compartment relative to the nucleus. 242
Hypoxia decreases total DDX28 protein levels, but our data suggest that the remaining 243 DDX28 is important to restrain the HIF-2α/eIF4E2 translational axis. This brings into to question 244 Collection and maintained as suggested. Normoxic cells were maintained at 37 °C in ambient O 2 266 levels (21%) and 5% CO 2 in a humidified incubator. Hypoxia was induced by culturing at 1% O 2and 5% CO 2 at 37 °C for 24 h, unless otherwise stated, using an N 2-balanced Whitley H35 268
HypOxystation. 269

Generation of Stable Cell Lines 270
Two unique OmicsLink™ shRNA expression vectors (Genecopoeia) were used to target the 271 coding sequence of human DDX28 [HSH014712-3-nU6 sequence 5'-ggtggactacatcttagag-3', 272 HSH014712-3-nU6 sequence 5'-acgctgcaagattacatcc-3']. A non-targeting shRNA was used as a 273 control. U87MG cells stably expressing C-terminal 3x FLAG tagged DDX28 were generated by 274 transfecting cells with the OmicsLink™ pEZ-M14 EX-A3144-M14 expression vector encoding 275 the human DDX28 coding sequence (Genecopoeia). Selection was initiated 48 h post-276 transfection using 1 μg/mL puromycin or 400 μg/mL G418, respectively, and single colonies 277 were picked after seven days. 278
Western Blot analysis 279
Standard western blot protocols were used. Primary antibodies: anti-eIF4E2 (Genetex, 280 The GFP beads were washed four times with a more stringent wash buffer [10 mM Tris-HCl (pH 330 7.4), 500 mM NaCl, 0.5 mM EDTA, 0.1% NP-40] while FLAG and HA beads were washed four 331 times with TBS. Proteins were eluted at 95 °C in 1X Laemmli sample buffer. Whole cell lysate 332 (25 μg) was used as the input. 333
Analysis of Cap-Binding Proteins 334
Performed as previously described [39] . The eIF4E2 signal in input and cap-elution lanes was 335 quantified by densitometry using Bio-Rad Image Lab software. The eIF4E2 signal in the DDX28 336 knockdown cap-elution lane relative to control was normalized to the eIF4E2 input signal ratio. 337
Cellular fractionation 338
After 24h of hypoxia, cells were lysed in 400 μL harvest buffer [10 mM HEPES, 50 mM NaCl, 339 500 mM sucrose, 0.1 mM EDTA, 10 mM DTT, 2 mM NaF, 0.5% Triton-X100, 1X protease 340
inhibitor cocktail]. Lysates were centrifuged at 8000 rpm for 10 min at 4 °C to pellet nuclei. The 341 supernatant was collected as the cytoplasmic fraction and the nuclear pellet was washed twice 342 with 800 μL nuclear wash buffer [10 mM HEPES, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 343 10 mM DTT, 2 mM NaF, 1X protease inhibitor cocktail] centrifuging at 13,000 rpm at 4 °C for 5 344 and 10 min following washes. The nuclear pellet was resuspended in 400 μL RIPA buffer [20 345 mM Tris-HCl (pH 7.5), 10 mM NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate, 1 mM 346 EDTA, 10 mM DTT, 2 mM NaF, 1X protease inhibitor cocktail] and rotated at 4 °C for 15 min. 347 Insoluble proteins were pelleted by centrifugation at 13,000 rpm for 10 min at 4 °C and the 348 supernatant was collected as the nuclear fraction. Equal volumes of cytoplasmic and nuclear 349 samples were mixed with 1X Laemmli sample buffer and boiled at 95 °C for 90 sec for western 350 blot analysis. 351
Viability assay 352
For each indicated time point, 10,000 cells per well were plated in triplicate in a 24-well plate. 
Statistical analyses 373
Results are expressed as means ± standard error of the mean (s.e.m) of at least three independent 374
experiments. Experimental data were tested using unpaired two-tailed Student's t-test when only 375 two means were compared, or a one-way ANOVA followed by Tukey's HSD test when three or 376 more means were compared. P < 0.05 was considered statistically significant using GraphPad 377 cap-dependent translation pathway. Since depleting DDX28 in hypoxia activates eIF4E2-588 dependent translation even further, we propose that some DDX28 is required in hypoxia to 589 restrain this oncogenic pathway. 590
